Abstract: A highly efficient and reliable hybrid quantum dot (QD) light-emitting diode (LED) is demonstrated and analyzed. The CdTe colloidal QDs are embedded in the sodium chloride (NaCl) ionic crystal to prevent external wear. The GaN-based ultraviolet (UV) LED is used as the excitation source. The mixture of colloidal QD/NaCl composite and polymer can be filled inside the standard LED package and optically pumped by the UV LED. Two different filling layer designs are fabricated simultaneously for comparative study. Due to extra scattering brought by the sodium chloride grains, the resultant photon conversion efficiency (PCE) can be as high as 72.6% at the medium current level. For the long-term stability assessment, two different UV pumping intensities were set up: One is equivalent to 111 mW/cm 2 , and the other is 906 mW/cm 2 . With this encapsulation, the stability of the colloidal QD light output over time can be improved, and a prolonged lifetime of 6488 h can be demonstrated under the continuous UV aging condition.
Introduction
Over the past two decades, steady progress in solid-state lighting, especially in semiconductor light emitting diodes (LEDs), is promoting the quality of our daily life and saving energy. The semiconductor LEDs can outpace their rivals, incandescent light bulbs, in terms of power consumption and longevity. To generate white light from these LEDs, the popular choice is to combine a yellow YAG phosphor layer and a InGaN blue LED together in the package [1] , [2] . While this method is cost-effective and commercially viable, some deficiencies of this combination can not be overlooked when a higher standard of lighting is going to be adapted. One of them is the color rendering index (CRI) of the lighting device. The generic YAG phosphor-based LEDs can usually reach a CRI value of 80 while the future generation of white light sources will need to perform better to fit the indoor lighting requirement [3] . To solve this problem, one could either mix the multiple colors of phosphors into one package, or install another red-color LED chip in the module to compensate the deficiency in the red band [4] . However, these methods might bring extra cost concerns and reduction in the overall efficiency.
One way to mitigate this issue is to resort to colloidal quantum dots (CQDs). CQDs are the nanoparticles that can be synthesized via complex chemical reactions. Depending on their chemical compositions, some of the semiconductor-based CQDs have demonstrated incredible light emitting capabilities [5] - [8] . Narrow emission linewidth and size dependent color make a CQD-based LED easy to tailor its spectrum and thus a perfect candidate to overcome the aforementioned CRI issue. In the past, most of CQD-based LEDs were directly driven by external current source and relied on carefully aligned band edges between the CQD layers to move the electrons and holes smoothly [9] . However, such devices were not very sustainable towards environmental wear, once they are exposed to air, the light output can drop significantly within hours [5] , [9] , [10] . To have stable performance over time in the CQD related devices has been the key factor for their commercial success [11] - [13] . To boost up CQD lifetime, instead of driving them directly, we believe an optical excitation configuration can be more benign towards these nano-scale particles. In this scenario, the role of CQDs can thus transform into wavelength converter: absorbing high energy photons (like UV and blue ones) and then re-emitting visible ones. Following this idea, different formats to encapsulate CQDs, such as ionic crystal [14] - [17] , gel/aerogel [18] , dual core-shell [6] , atomic layer deposition [19] , or epoxy/polymer [20] - [22] , have been demonstrated as feasible measures to protect them. Some of the methods can be integrated into regular LED packages and prolonged lifetime results under low excitation power have been reported [6] , [19] .
In this study, sodium chloride (NaCl) ionic crystal is applied to seal the CdTe CQDs, and we further mix them in polymer substances to form the encapsulating layer of the LED packages. These encapsulated nanocrystals can be demonstrated for an efficient and enduring operation under both low and high excitation intensities.
Device Fabrication
One of the key components in this study is the water-soluble CdTe QD, which is capped with 3-mercaptoproproionic acid. The synthesis was assisted by microwave, and the detailed processes can be found elsewhere [23] . To protect the CQD properly, the saturated NaCl solution was prepared and the water soluble CdTe CQDs were poured into this solution slowly to have a layer of NaCl crystal coated on the CQD as previously reported [16] . The concentration of the CdTe CQD solution is 0.025 mM in water and the saturated NaCl solution was made of 11.33 g of solid and 20 g of de-ionized water at 30 C. After one to two days of re-crystallization, the finished mixture can be extracted as white powders and glow red under UV lamp, as can be seen in Fig. 1(a) . More details of the processes to embed CQDs into salt crystals can be found in [16] , [23] . Then, 0.08 g of this composite of nanoparticles (called QD@NaCl from now on) and 0.028 g of polydimethylsiloxane (PDMS) were thoroughly blended to generate the fillings for the LED packages. The standard 5070 package with a ultra-violet (UV) light emitting diode attached at the bottom is used as the major holder for these QD@NaCl composites. The UV LED plays the role of the excitation source and its output power is around 162 mW at 200 mA of current injection. Once the dispensing of the QD@NaCl/PDMS mixture is done and the connecting wires are soldered, the whole fabrication is completed. The device without current input is like in Fig. 1(b) and the one in operation is like in Fig. 1(c) .
To test the effect of the QD@NaCl/PDMS mixture arrangement on the lifetime of the devices, two different designs based on the aforementioned processes were carried out. As can be seen in Fig. 2 , one type is called sample A, which has the QD@NaCl and PDMS mixture filling all the available space in the 5070 cup. The other one, called sample B, has the pure PDMS to fill the bottom half first, and then the mixture was poured in to fill to the top. The design variation is to hopefully bring some thermal conduction differences between the devices and further explore their long-term luminescent behaviors.
Device Performance
After the device fabrication was finished, electrical and optical measurements were performed to test the device characteristics, and the luminous flux and spectrum were recorded by the integrated sphere. The luminous efficiency of the devices can reach 2.32 lumen/watt (Sample A), and 1.86 lumen/watt (Sample B). No CRI values can be obtained from the emission of these two types of devices due to the single color emission and UV excitation nature. Fig. 3(a) shows the electroluminescence (EL) spectrum of the hybrid CQD LEDs under different currents. Since the UV LED is used as the pumping source for the QD@NaCl layer, there are always two components among the emitted photons: UV and visible ones (red in our case).The magnitudes of these two peaks are determined by the UV scattering inside the package, the original light output of the UV LED, and the absorption/emission efficiencies of the CQDs. The overall photon conversion efficiency (PCE), which can be evaluated by the emission spectra of the devices, is thus the combination of these factors in the devices and can be expressed by [24] PCE QD@NaCl, respectively. The photoluminescence quantum yield ðPLQYj solution Þ, which is the converting percentage of the incident UV photons into the red ones in solution phase, can be measured as 21% in our case. The MF variable, which means multiplication factor, combines all scattering enhancement caused by the NaCl grains or metal sidewalls. Fig. 3(b) plots the PCE as a function of UV LED injection current. From the measured results, when the UV excitation power increases along with the injection current, the PCE tends to decrease due to several reasons: one is the saturation in the CdTe optical gain, and the other is the rising temperature in the package that can quench the radiative recombination in the CQDs effectively [25] . One unique property of these devices is the strong scattering effect offered by the NaCl grains which leads to the enhanced utilization of UV photons and increase of the PCE. As high as 72.6% of PCE can be demonstrated in our devices at 80 mA, without other helps from external optics components. Applying (1), a high MF value of 3.5 can be found in this device, indicating a strong scattering enhancement. While the average efficiency is high in these devices, the difference in the PCEs between sample A and B can rises from the NaCl grain size distribution and layer sequence of PDMS. When the QD was first embedded within the sodium chloride crystal, the grain is in millimeter scale, as shown Fig. 1(a) . Then the QD@NaCl crystal were grinded into powder form before mixing with PDMS. Although we did our best to uniformly crash the large crystal into small pieces, it is still possible that the distribution of NaCl grain sizes can be varied between devices. Because the scattering enhancement is the dominant factor for the conversion efficiency, the different size distribution can lead to different scattering effect and thus different photon intensity. Another important variable is the filling material layer design in the package. In the sample B, the QD@NaCl composites are separated from the UV LED by a layer of PDMS. This isolation of the QD from the heat source (the LED) can be advantageous to QD's emission efficiency, according to our previous research on the thermal properties of the QD film [26] . Therefore, keeping some distance from the LED can also boost up the QD emission efficiency of the sample B.
Continuous Burn-in for QD LED
The next important thing is the lifetime (or the long-term stability) of these hybrid CQD LEDs. There are always concerns about how long the device can last for the service. Due to their tiny sizes, CQDs are particularly vulnerable towards the environmental influences (such as water and oxygen) and the UV exposure. The CQDs could stop illumination within several hours in the air if no proper protection is provided. In this study, we hope these embedded CQDs can survive under both low and high UV excitation intensities in the open air.
When the device was first measured, several current levels were tested. We later decided to use 28 mA and 200 mA as our low and high current standard. The 28 mA low current burn-in is similar to what other people used [6] , while the 200 mA high current condition is the true testament for extremely harsh environment. The effective emission area of a 5070 LED package is 0.1789 cm 2 , and the corresponding UV excitation intensities are 111 mW/cm 2 for 28 mA and 907 mW/cm 2 for 200 mA. The burn-in failure criteria in this study was defined by the time duration when PCE falls below half of its initial value [9] . All the hybrid CQD LEDs were subject to continuously electrical current injection under ambient conditions without heat sinks.
The other parameter evaluated in this test is the emission linewidth or full width of half-maximum (FWHM) of the device. The FWHM of a single-sized QD ensemble should be very small due to the fixed size-related quantized energy states in the individual QD. However, in most cases, the broadening of FWHM in emission spectrum is inevitable due to various sizes of QDs in the ensemble [27] . Since the size of the nanoparticle determines the emission wavelength and the number of the same sized nanoparticles is proportional to the emission intensity, the shape of the emission spectrum can directly represent the QD size distribution of the QD@NaCl composites. 
Low Current Condition
To acquire the detailed data, we have to interrupt the continuous burn-in from time to time and measure the spectrum. In the low current condition, for the first 12 hours, one hour interval of spectrum measurement was taken. After that period, the spectrum was measured whenever the integrated sphere was available. Thus, the time interval varied from 20 to 30 hours and the last point was taken after a 10-day of continuous burn-in. During this 10-day period, the illuminance meter with UV filter were used instead to take the intensity variation of the red color band from the CQDs, but no spectra were recorded.
In Fig. 4 , the normalized PCE and FWHM variations over time under 111 mW/cm 2 excitation intensity are plotted. From the linear extrapolation of the PCE, the lifetime of sample A is calculated as 1115 hours and the sample B's is 6488 hours. The sample condition was seriously altered after the 348th hour due to the unexpected event which will be discussed in the following section. The FWHM variation is another factor to be watched. Under the continuous burn-in condition, a steady increase for both samples can be observed in Fig. 4(b) . However, this trend seems to be saturated after 100th hour. The increase of FWHM indicates the size-distribution of the CQDs becomes wider, which can be caused by the sintering and re-shaping effect from the heat and UV exposure [28] .
High Current Condition
To further explore the durability of this QD@NaCl composite, a high current burn-in test was carried out on the same types of devices. The UV LEDs were driven at 200 mA level, which corresponds to 907 mW/cm 2 of UV exposure for the QD layer. The emission spectra were recorded every 15 minutes for a total length of 8 hours of continuous operation in the air. As can be seen in Fig. 5(a) , both packages developed similar amount of degradation in terms of PCE magnitude. But if the same failure criterion is imposed, the sample A device would fail at 97th minute, while the sample B device can survive until 274th minute. The combined thermal and optical stresses in this test represent the extreme case for the QD layer. In the normal operation, less harsh condition could be expected, and thus, the lifetime can be much longer.
The observation of the FWHM is also made at the same time. Fig. 5(b) shows the constant uprising trend of this parameter in both devices. As mentioned in the low current section, the linewidth change means the statistical change of the QD size distribution, and this phenomenon can be seen more pronounced in the high current condition. The absolute incremental values of FWHM are also larger in both samples (4.2 to 4.7 nm at 28 mA in 348 hours versus 6.8 to 10.0 nm at 200 mA in 8 hours). The slope of the sample B is much larger than that of the sample A's. Combining with the PCE observation, we could see that the sample A tends to drop quickly at the early stage of high current burn-in while sample B is not. The QD@NaCl-half-filled structure of sample B might play the main role in the widening of PL spectra because of the different heat dissipation capability of the two types of samples.
The thermal conductivity of PDMS is 0.15 W=m K, which is much lower than its surrounding materials. When the UV photons are absorbed by the CQDs, the Stoke loss can be transformed into heat. This heat is difficult to dissipate into other parts of the package, and accumulate locally around the CQDs. In the sample B, the inserted pure PDMS between the CQD layer and substrate worsens the situation by raising the thermal resistance. The thermal energy is thus more concentrated on the CQD layers and morph the sizes of the CQDs seriously. In fact, the measured surface temperature indicates that a higher average value of sample B over sample A can be observed (A: 67.38 C, B: 70.72 C). This difference can certainly be the driving force of the faster FWHM widening in sample B.
The Failure Causes and Discussions
There are miscellaneous reasons that could lead to the burn-in failure of the CQD LEDs. In our study, we believe the enclosure of CdTe QD in the NaCl crystal is critical for its long-term stability because the primary cause for the failure is usually due to the environmental wear of the QD itself. Therefore, the comparison can be made among the samples with or without NaCl protection. From our previous result [21] , these nanoparticles can be blended directly with filler material such as polymethylmethaccrylate (PMMA) and injected into the package. When the PMMA device was placed under the same current condition (@ 28 mA), not only the PCE is poor (2 to 3%), its lifetime (44.38 hours) is also much shorter than those of our QD@NaCl devices. This example illustrates the importance of the encapsulation of these nanocrystals in the NaCl. In addition to the unstable nanocrystals, other parts in the package are also prone to failure if no special cares were taken. For example, UV LED degradation is one of the common reasons which have nothing to do with the quality or the performance of the QD film. Another common failure is the broken bonding wires which can be caused by the stress of high currents or mechanical issues during the manufacturing, but in our case, several important mechanisms which are special to our QD@NaCl composites need to be addressed. In the following, several factors will be discussed and hopefully they can shed some lights on the future improvement of such devices.
The Effect of Moisture
After the 348th hour, an unexpected heavy rain raised the humidity of the lab significantly and cause the disintegration of the NaCl crystals in the package. The effect can be immediately observed from the output power and from the appearance change of the device. Due to the nature of our encapsulating material (NaCl), the moisture in the environment is the biggest killer of the CQD efficiency. Once the NaCl crystal is dissolved, the CQDs might get self-aggregated or easily eroded by oxygen or other chemical substances. The self-aggregation effect can reduce the quantum yield dramatically [29] , [30] and derail our burn-in test. To prevent this in the future, a more water-resistant filling material should be used in the package.
The Thermal Effect
Another important factor is the actual temperature of the unit when the electrical currents were injected. In this all-in-one package, both optical and thermal exposures happened at the same time and same location. The temperature can be several tens of degrees higher than the environment and this situation can degrade the quality of the QDs tremendously [28] , [31] .
To check out this effect in this study, we use the thermal imaging camera to measure the top surface temperature during operation. From the measurement shown in Fig. 6 , as high as 72 C can be obtained during the high current operation. For the low current condition, the temperature rise is around 6 to 7 degrees above the surroundings.
From the computer acquired thermal images, the temperature stabilization process can be achieved within 5 minutes, and the rise of the surface temperature can be attributed to the incomplete energy conversion efficiency (or Stokes loss) of the QD@NaCl composites and the heat dissipation from the UV LED and CQD layer.
The elevated temperature in the package when coupled with UV exposure can be detrimental towards the QD quantum efficiency [14] , [28] , which might be another reason why our highcurrent devices degraded with a much faster speed than the low-current ones.
UV LED Degradation
Although the UV LED degradation does not concern the QD@NaCl quality or lifetime directly, this effect can affect the final interpretation of the PCE variation. Especially at high current, the UV LED can degrade in power output as time passes. For our UV LEDs, a 10% reduction in power output without presence of QD@NaCl can be recorded in an 8-hour time span at 200 mA of injection current. Checking the EL spectra of the devices before and after the burn-in test, one can find out the significant reduction of the UV peak after the extended high current operation, as shown in Fig. 7 , while almost no change or even an increase of UV peak intensity under the low current condition.
To fully rule out this factor, one must first find out the reliability and performance of the UV LED used in the package. The pre-selected UV LED needs to be characterized for its behavior under high current stress and thus the CQD degradation can be incorporated in the PCE evaluation via the following equations: 
where ÁI ref ex ðÞ is the reduction of the UV LED at the time of the test. After this adjustment, the resultant PCE could be closer to the real degradation of the CQD layers. If taking this excitation source degradation into account, we can re-calculate the time to failure according to our earlier definition. The lifetime results become 113th and 357th minute for sample A and B which correspond to 16% and 30% of improvements, respectively. For the low current condition, this factor can be neglected if the UV device is sufficiently good.
FWHM Broadening
In addition to the degradation of emission intensity, another important degradation phenomenon is the broadening of FWHM of the spectrum. As mentioned in the previous section, this could rises from the heat and UV exposure. However, if the individual QD is separated far from each other, this sintering effect will be greatly reduced. The direct PL measurement for the solution based condition and NaCl encapsulated condition could help us to clarify this concern. In Fig. 8 , the two PL spectra are put together for comparison: one is the solution based result and the other is in solid phase. As shown in the figure, the peak wavelength of the QD@NaCl sample is red-shifted from 707 nm to 708 nm, and the FWHM increases from 65.14 nm (in solution) to 75.96 nm (in NaCl). These two phenomena are the features of re-assembling or grouping in nanoparticles due to solidify process [27] . Thus in our QD@NaCl sample, it is quite possible that some of the QDs sit next to each other and when the temperature rises or high energy 
Conclusion
In conclusion, we demonstrated a detailed stability study of the hybrid CQD LED. The CQDs in our study are sealed inside the NaCl ionic crystals to enhance the protection from external wear. The NaCl grains which encase the CQDs also provide extra scattering to increase the UV photon utilization, and thus, a high initial PCE of 72.6% can be recorded. The mixture of such crystal and standard filling materials (like PDMS or silicone) can be used as the illuminating layer in the LEDs and a steady several thousand hours of lifetime can be demonstrated. Discussions on failure mechanisms are also provided via this study to reveal the possible ways to improve such devices in the future. Fig. 8 . Normalized PL intensity spectra for QD@NaCl and QD in water. The peak position is redshifted while the linewidth is also broadened in the PL spectrum of the QD@NaCl sample. The normalized intensity profile of QD in water is offset slightly for visual purpose.
